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Abstract
The unique high spectral resolution resulting from application of nonlinear polarisation spectroscopy in the frequency
 .domain at 77 K directly reveals 6 subbands at 649, 657, 667, 672, 675 and 679 nm in the chlorophyll arb Q -region ofy
 .trimeric light-harvesting complex II. A shortening from about 90 to 35 fs of the corresponding dephasing times towards
the ‘blue’ edge of the Q -band was observed. q 1997 Elsevier Science B.V.y
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Light capture and efficient excitation energy trans-
 .fer EET to the photosynthetic reaction centers is
 .assured in higher plants by chlorophyll Chl a and b
 . w xcontaining light-harvesting complexes LHCs 1 .
Most abundant is LHC II, the mainly photosystem II
associated antenna. The structure of LHC II is known
˚to 3.4 A resolution revealing the association of at
w xleast 12 Chls 2 . The current resolution, however,
allows neither to distinguish between Chls a and b
nor satisfactory interpretation of optical spectra in
terms of the structural model. In particular, the con-
Abbreviations: Chl, chlorophyll; EET, excitation energy trans-
fer; LHC II, light-harvesting complex II; NLPF, nonlinear polari-
sation spectroscopy in the frequency domain
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siderable broadening of the Q -absorption region is ay
matter of debate. The broadening is generally at-
tributed to spectral heterogeneity, i.e. the existence of
shifted when compared to monomeric Chl in solu-
.tion and overlapping transitions, so called Chl-forms
w x3 . Twelve such forms have been supposed for
w xtrimeric LHC II 4 . However, there is no consensus
on their number, transition energies and function, yet.
Neither is known whether they originate from exci-
tonic interactions among Chls, coupling to the protein
matrix or a combination of both. Thus the prevailing
mechanism of the observed ultrafast EET between
w xthe Chl-forms is still discussed 5 . Distances of 9 to
˚ w x14 A as revealed by electron crystallography 2 and
w xcircular dichroism spectra 4,6 indicate excitonic in-
teractions between neighbouring Chls. Thus coherent
EET could be possible as well as Forster-type ‘hop-¨
w xping’ 5 . To distinguish between both mechanisms
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 .the ratio of dephasing time T and EET time is2
w xmeaningful 5,7 .
During the past decade several time and frequency
domain techniques were employed to investigate these
w xultrafast processes 8–12 . A novel approach was
introduced by us using nonlinear polarisation spec-
 . w xtroscopy in the frequency domain NLPF 13,14 – a
pump-probe laser spectroscopic technique based on a
four-wave mixing process. The NLPF technique was
w xdescribed originally by Song et al. 13 . Thus the
principle of NLPF is only briefly accounted for in
Fig. 1. NLPF has several advantages when used to
w xstudy heterogeneously broadened systems 15,16 .
The x 3.-dependence of the NLPF line-shape func-
tion provides better separation of substructures as
compared to absorption experiments. As a frequency
domain technique NLPF allows selective excitation
of individual electronic transitions when compared to
fs time-domain experiments. NLPF spectra directly
 .indicate the spectral broadening mode s . Dephasing
times on the ps to fs scale can be obtained. NLPF
facilitates investigations from physiologically rele-
.vant room temperature down to cryogenic tempera-
tures. The NLPF technique was recently applied to
study photosynthetic antennna complexes of higher
plants as well as of purple bacteria at room tempera-
w xture 17–19 . Here the first NLPF experiments at low
 .temperature 77 K are reported.
LHC II was prepared from fresh pea leaves Pisum
.sati˝um L. according to the procedure of Krupa et
w xal. 20 . Trimeric LHC II samples were obtained at
y1 110 mg ml Chl aqb suspended in a buffered 10
.mM Tricine, pH 7.8 solution of 67% glycerol and
1% n-octyl ß-D-glucopyranoside. The samples were
cooled down to 77 K in a cuvette selected for low
 .birefringence using a dynamic cryostate Oxford .
Samples keep optically clear at low temperature, but
cooling may lead to depolarisation due to tension
birefringence. Thus usually only a small volume of
the sample can be used for NLPF measurements.
The experimental set-up has been described in
w xdetail previously 19 . Both, pump and probe beams
were obtained from dye lasers being pumped simulta-
neously by an excimer laser. DCM dissolved in
DMSO was used as laser dye. Both pulses had a
spectral width of less than 0.05 cmy1 and a duration
 .of about 15 ns FWHM . NLPF spectra were ob-
tained by tuning the pump laser beam from 645 to
685 nm with the probe laser wavelength fixed at 675
nm. Pump beam intensities of 2P1023 photons sy1
cmy2 were used; the probe beam intensity was about
100 times smaller. The validity of the x 3.-approach
for interpretation of the spectra was assured by the
observed quadratic dependence of the NLPF signal
w xon pump beam intensity 13 .
A NLPF spectrum of trimeric LHC II measured at
77 K is compared to the absorption profile at the
same temperature in Fig. 2. Significant substructure
is obvious in the NLPF profile. Even at the first
 .glance five peaks at 649, 657, 667, 675 and 679 nm
 .Fig. 1. Principle of nonlinear polarisation spectroscopy in the frequency domain NLPF . The sample is located between two crossed
“ “ .polarisers. Pump and probe field with k and E denoting the wave vectors and electrical field vectors, respectively are highly1,2 1,2
monochromatic and linearly polarised at an angle of 458. NLPF spectra are obtained by measuring polarisation changes of the weak probe
 .field with fixed frequency v vs2p crl passing an absorbing medium in the presence of a strong pump field with the tuned frequency2
v . The NLPF signal is detected behind the analyser in the direction and at the frequency of the probe field. The signal represents the1
response of the probe field on a pump-field induced anisotropy in the sample, leading to dichroism. In theoretical terms the NLPF signal
3.  .can be described as the degenerated x -response of the sample lower orders are not contributing . Measurements are performed under
stationary conditions, i.e. the duration of the laser pulses is considerably longer than the longest relaxation time in the system under
investigation.
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Fig. 2. Comparison of the NLPF spectrum obtained at a probe
.wavelength of 675 nm and the Q -absorption spectrum of trimericy
LHC II at 77 K. Numbers indicate the transition wavelengths of
the resolved spectral forms.
can be distinguished. A shoulder at around 672 nm
.indicates a further transition, vide infra. These Chl-
forms have been deduced previously from indirect
w xtechniques 4,21 and are here revealed directly for
the first time. Additionally, the well-resolved spec-
trum allows to deduce T with high accuracy by2
curve-fitting. In our previous work the NLPF spectra
of LHC II obtained at room temperature were fitted
using a model consisting of several homogeneously
broadened transitions without coupling among them
w x18 . Each transition was assumed to belong to a
separate two level system, resulting in the following
 .line shape function s :
ia 1 1
s v s qc.c. .01  /Gq iv g Gq iv02 01
1 1 1
q q 1 . /gq iD Gq iv Gy iv02 01
with GsTy1, gsTy1, T : energy relaxation time,2 1 1
D: detuning of pump and probe frequency, v :01
detuning between pump frequency and the transition
frequency, v : difference between probe frequency02
and the transition frequency, a : scaling parameter.
The total NLPF spectrum is obtained by the square
module of the sum over the line shape functions of
  ..all transitions. In the line shape function Eq. 1 the
first summand
1
qc.c. 2 .
Gq iv01
describes the broad band part of the spectrum. The
width of this band, representing the homogeneous
linewidth of the transition, is determined by T and2
not dependent on the model used. Only the prefactor
of the summand may vary, leading to different abso-
lute contributions of individual subbands to the NLPF
spectrum in comparison to the absorption profile. The
other summand contributes only to a narrow peak
around the probe frequency, which vanishes in a
w xbroad band spectrum 16 . Thus this spectrum can be
  ..fitted properly using only the first summand Eq. 2
in the line shape function and varying the band-
widths, transition frequencies and the prefactors. The
 .resulting fitted spectrum is also displayed in Fig. 2.
T and l as obtained by the best fit are presented in2 0
Table 1. A satisfactory fit was only possible includ-
ing an additional band centered at 672 nm. From the
data in Table 1 it is obvious that T is shortened2
towards the ‘blue’ edge of the spectrum, as already
visible in broadened bandwidths of the resolved sub-
 .bands Fig. 2 . This phenomenon deduced from ear-
w xlier NLPF measurements at room temperature 18 , is
now confirmed. Since T is dependent on the energy2
 .relaxation time T as well as on the pure dephasing1
 ).time T ,2
1 1 1
s q 3 .)T 2T T2 1 2
 .T -shortening can be explained in two ways: i It is2
caused by shorter T due to fast EET away from1
Table 1
Parameters obtained from fitting of the 77 K-NLPF spectrum as displayed in Fig. 2 l indicates the transition wavelength of the0
.subband; T is the phase relaxation time2
 .l nm 648.6 657.0 666.8 672.4 674.8 678.90
 .T fs 34 45 43 90 80 872
Errors of the transition wavelength determinations are about 1 nm; T values were obtained with an accuracy of about 5%, assuming pure2
homogeneous broadening.
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‘blue’-shifted spectral forms. Assuming that no en-
ergy transfer occurs from the red-most shifted form
 . )at 679 nm results in a T of about 90 fs for this2
subband. If, furthermore, this value for T ) is as-2
sumed to be common for all subbands, EET times of
 .less than 50 fs can be deduced following Eq. 3 for
the Chl-forms centered at 649, 657 and 667 nm. This
seems to be extremely fast, but on the other hand
recent fs time-domain studies indicate EET times
w x w xshorter than 300 fs 12 or even 150 fs 22 for the
 .form at approximately 649 nm. ii Supposed that at
77 K for all Chl-forms T fT ), stronger vibronic2 2
coupling to the protein matrix has to be assumed for
the blue-shifted forms. A contribution of both effects
to the observed dephasing rates is also possible.
Comparison of NLPF spectra obtained at room
temperature and at 77 K reveals considerably differ-
 . ent spectral profiles Fig. 3 . One subband centered
.at 684 nm clearly contributing to the room tempera-
ture spectra is virtually absent in both, NLPF and
absorption spectra at 77 K. Since this subband has
been assigned to a transition from the first vibronic
w xexcited state 21 such behaviour has to be expected.
The unique subband resolution as compared to ab-
.sorption spectra and the marked contributions of
short wavelength bands in the 77 K NLPF spectra,
however, can not be explained by the previously used
 w x.model of uncoupled two level systems cf. 18 . For
LHC II excitonic coupling among Chls has to be
Fig. 3. Comparison of NLPF spectra of trimeric LHC II obtained
 .at 77 and 293 K probe wavelength 675 nm .
 .assumed vide supra , but a comprehensive NLPF
theory including it has not been available until now.
However, preliminary theoretical considerations sug-
gest that all transitions coupled to the spectral form
selected by the probe field can show an enhanced
contribution to the NLPF spectrum, presuming that
coherence of the excitonic wave function is not de-
stroyed by fast dephasing. T ) is considerably longer2
at 77 K than at room temperature, since vibronic
coupling to the environment is less pronounced.
Hence, one can hypothesise that the displayed NLPF
spectrum at 77 K features mainly transitions that are
excitonically coupled to the 675 nm band.
The presented picture of the spectral substructure
in the Chl arb-Q -region of LHC II is hardly acces-y
sible with other techniques. Additionally, the spec-
trum reveals an extended, intricate excitonic coupling
between spectral forms. Finally, the technical feasi-
bility of NLPF investigations at low temperature has
been demonstrated. Further extension to even lower
temperatures appears to be generally desirable thus
facilitating direct comparison to results obtained with
other techniques, in particular nonphotochemical hole
w xburning spectroscopy 11 .
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